Amplified ribosomal DNA restriction analysis (ARDRA) in which the almost complete 16s rRNA gene was used as the target of the PCR assay and randomly and repetitive element-primed PCR were used to characterize 67 strains belonging to the family Alcaligenaceae. Particular emphasis was placed on strains of BordetelZa pertussis (13 strains), Bordeteh parapertussis (10 strains), and BordeteZZa bronchiseptica (10 strains) (these organisms were referred to as the B. bronchiseptica group), as well as BordetelZa avium (19 strains). Our data indicate that strains belonging to the B. bronchiseptica group behave as a single species comparable to strains of B. avium. ARDRA allowed us to differentiate among all other species as well but was not useful for infraspecific typing. Randomly and repetitive element-primed PCR could be used to distinguish several infraspecific types within B. avium and the B. bronchiseptica group and allowed us to differentiate these two taxa.
A multitude of DNA-based typing methods are gradually replacing or augmenting classical typing methods (13, 17) . Most of these methods are based on specific or random amplification of DNA fragments, digestion of genomic or amplified DNA with restriction enzymes, or both. The majority of these methods were developed primarily to generate highly specific (if possible, strain-specific) fingerprints. Some, however, have proved to be useful for both species identification and strain characterization.
In the present study, we examined the discriminatory abilities of two of these genome-orientated methods for strains belonging to the family Alcaligenaceae, particularly Bordetella pertussis, Bordetella parapertussis, Bordetella bronchiseptica , and Bordetella avium strains. The population structure of B. pertussis, B. parapertussis, and B. bronchiseptica is considered clonal (14, 15) , and the taxonomic status of these taxa has been the subject of debate, as they exhibit greater than 80% DNA-DNA binding despite considerable phenotypic and chemotaxonomic differences (11, 15, 18, 21, 24) . We selected about 10 strains of B. pertussis, B. parapertussis, and B. bronchiseptica and compared the results of genomic typing analyses with the results obtained for 19 B. avium strains. Reference strains of all other Bordetella and Alcaligenes species were included for comparison.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All of the strains studied and their sources are listed in Table 1 . The majority of these strains are reference strains which were included in several polyphasic taxonomic studies (9, 18, 20, 21) . Five B. pertussis isolates from a recent outbreak in Cincinnati, Ohio (3) (isolates kindly provided by S. Reising, Children's Hospital Medical Center, Cincinnati, Ohio), and eight sporadic B. pertussis isolates were included. Sporadic isolates of B. parapertussis, B. bronchiseptica, and B. avium were also included. The B.
bronchiseptica and B. avium strains were from a wide diversity of hosts; the B. bronchiseptica hosts included humans (4 strains), dogs (2 strains), a ferret, a guinea pig, a turkey, and a rabbit, and the B. avium hosts included turkeys (12 strains isolated in five countries), chickens (6 strains), and a duck.
Bacteriological purity was checked by plating the organisms and examining (16) or by a slightly modified procedure, as described previously (8).
Thermocycler. A Perkin-Elmer model 9600 thermocycler was used for all PCR.
Amplified rDNA restriction analysis (ARDRA). Amplification of the 16s rRNA genes, restriction digestion of the amplified 16s ribosomal DNA (rDNA) with the enzymes Hue111 (Boehringer, Mannheim, Germany), HhaI (Pharmacia, Biotech Benelux, Roosendaal, The Netherlands), A h 1 (Pharmacia), TaqI, and BstUI (New England Biolabs; purchased from Westburg, Leusden, The Netherlands), and agarose gel electrophoresis were performed as described previously
The gels were scanned under UV illumination with a Foto/Analyst Visionary digital documentation system (Fotodyne, Hartland, Wis.) and were digitized with an IRIS video digitizer card and Colorvision software (Inside Technology, Amersfoort, The Netherlands). An AluI (Pharmacia) digest of plasmid pBR322 and a 128-bp fragment amplified from plasmid pGEMllZf with phage promoter T7 and SP6 were used as normalization references (8). For each strain, the normalized restriction patterns obtained with the five restriction enzymes were assembled one after the other in the order HaeIII-HhaI-AluI-TaqI-BstUI into a combined profile and were analyzed by using the Dice similarity coefficient and the unweighted pair group with mathematical average clustering algorithm.
Randomly and repetitive element-primed PCR. DNA was amplified by using 10 random primers (five 17-mers [primers D9355, D14216, D11344, D8635, and Dl43071 and five 10-mers [primers 1254, 1247, 1281, 1283, and 12901) (l), repetitive primers ERIClR and ERIC2, and the primer pair ERIClR-ERIC2 (22) . Each PCR was performed in a 100-pl mixture containing 50 mM KCl, 10 mM Tris-HC1 (pH 9.0), 2.5 mM MgCl,, 0.1% (vol/vol) Triton X-100, 0.01% (wt/vol) gelatin, each deoxynucleoside triphosphate at a concentration of 0.2 mM, 50 or 100 pmol of primer, 0.6 U of Goldstar polymerase (Eurogentec, Seraing, Belgium), and 100 ng of template DNA. The thermal cycling conditions used for the random primers were the conditions described by Akopyanz et al. (1) ; the thermal cycling conditions used for primers ERIClR and ERIC2 have been described previously (19) .
The gels were scanned under UV illumination, visualized, and digitized with the Gel Doc 1000 documentation system (Bio-Rad Laboratories, Nazareth, Belgium). The DNA band pattern of Enterococcus faecium LAB 1265 generated with random primer D14307 was included on each gel as a standard for normalization. The Pearson product moment correlation coefficient was used to calculate similarity values, and a cluster analysis was performed by using the unweighted pair group with mathematical average clustering algorithm.
Pattern analysis. Conversion, normalization, and numerical analysis of the DNA band patterns were performed with the GelCompar software package (Applied Maths, Kortrijk, Belgium). 
RESULTS

Reproducibility.
In general, the level of reproducibility for computer-assisted comparisons of combined ARDRA patterns obtained on different gels was at least 95%. Occasional low values were due to electrophoretic anomalies, and these data were not used in the numerical analysis.
For randomly and repetitive element-primed PCR, reproducibility values greater than 92% were obtained for patterns generated with a single batch of reagents. The use of another brand of DNA polymerase introduced considerable differences in at least some of the patterns. We therefore compared only data which were generated with the same batches of reagents.
ARDRA.
In the numerical analysis of the combined ARDRA patterns (Fig. l) , B. pertussis, B. parapertussis, and B. bronchiseptica strains formed a single cluster above a similarity level of 97%, which is within the reproducibility range of the method. All B. avium strains clustered together above a similarity level of 98%. The Alcaligenes xylosoxidans and Alcaligenes denitrificans strains (20) formed a single cluster at a similarity level of 97%. The combined ARDRA patterns of B. aviurn, Bordetella hinzii, and Bordetella trematum were very similar and clustered together at a similarity level of 92%. Alcaligenes piechaudii, Bordetella holmesii, and Alcaligenes faecalis occupied clearly distinct positions on the dendrogram, and the latter organism was the most remote member of the group.
Although the combined pattern analysis in which five restriction enzymes were used revealed high overall levels of similarity between A. xylosoxidans and A. denitrificans and among B. avium, B. hinzii, and B. trematurn, the patterns generated with individual enzymes allowed us to differentiate each of these species. For instance, the HaeIII digests of A. denitviJcalzs and A. xylosoxidans strains resulted in clear differentiation on the basis of an additional DNA band (approximate molecular weight, 785 bp) present in the patterns of strains of the former species (Fig. 2) . Similarly, AluI digests generated different band patterns for B. avium, B. hinzii, and B. trematurn strains (Fig. 2) . For rapid identification purposes, digestion of the amplicon with AluI followed by digestion with HaeIII (for differentiation of A. denitrificans, A. xylosoxidans, and B. hinzii) or HhaI (for differentiation of A. piechaudii and B. avium) could be used to differentiate all of the species (Fig. 2) .
Randomly and repetitive element-primed PCR. The suitability of all primers for generating DNA band patterns was evaluated by using a minimal set of strains representing various species. Especially the primer pair ERIClR-ERIC2 and primers ERIC2, D8635, D9355, and D11344 generated high levels of pattern diversity. The band patterns generated by the other primers were less useful or not useful for at least some of the strains examined. All of the isolates were subsequently characterized by using random primer D8635 and the repetitive primer pair ERIClR-ERIC2.
With both of the primers examined, some variability was detected among the B. avium strains, but the overall DNA amplification patterns were similar and were distinct from the patterns of the other species examined. Comparable variability was found among the B. bronchiseptica strains (Fig. 3) . B. pertussis and B. parapertussis strains, however, were each characterized by a single invariable DNA amplification pattern which was similar to the patterns of B. bronchiseptica strains (some patterns illustrating the diversity of the DNA amplification patterns are shown in Fig. 3) .
Very different DNA amplification patterns were generated when we examined strains belonging to other species, but the numbers of strains included per taxon were too small to conclude whether the DNA amplification patterns were species specific (data not shown).
B. pertussis strains were further analyzed by using the remaining 11 primers. Except for strain LMG 144ST, no differences were detected. Strain LMG 144ST had a slightly aberrant DNA amplification pattern with some of the primers examined (D9355, D14216, D11344, D14307, and ERIC2).
DISCUSSION
The classification of B. pertussis, B. parapertussis, and B. bronchiseptica as distinct species is controversial, and the relationship of these taxa is a taxonomic curiosity. As discussed previously, high levels of DNA-DNA binding suggest that all three organisms belong to a single species, but this suggestion is contradicted by the high degree of heterogeneity in their phenotypes (11, 18, 21, 24) .
A variety of DNA-based typing methods have been developed during the last decade, and each has its own range of applications. A number of these methods have been shown to be useful for discriminating strains at various taxonomic levels. It was our aim in the present study to compare the genotypic diversity of strains of B. pertussis, B. parapertussis, and B. bronchiseptica by using different genome-oriented typing methods and to compare the observed heterogeneity with the heterogeneity detected in B. avium. The latter species is genotypically and phenotypically homogeneous and differs both in genotype and in phenotype from related Bordetella and Alcaligenes species (9, 20, 21, 24).
ARDRA. Amplification and digestion of rDNA have been used for identifying and typing a wide variety of bacteria (7,8).
Methodological variability can be introduced by the amplified region selected (16s rDNA, 23s rDNA, and/or spacer region), which has a major impact on the resolution and hence the discriminatory power of the technique. In the present study, the target for the PCR was the almost complete 16s rRNA gene without spacer sequences. This approach has been shown to be useful primarily for species level identification, but not for infraspecific typing (7, 8). ARDRA patterns obtained with five different restriction enzymes were combined, and a numerical comparison was performed by using these combined patterns (Fig. 1) . Although the patterns generated by individual enzymes were often useful for differentiating some species, they were never useful for differentiating all of the species. This is illustrated in Fig. 2 , in which AluI digests differentiated B. holmesii and B. trematurn, but not B. avium and A. piechaudii or A. denitrificans, A. xylosoxidans, and B. hinzii. Conversely, numerical analysis of the combined patterns allowed us to distinguish each individual species except B. pertussis, B. parapertussis, and B. bronchiseptica, which formed a single homogeneous cluster (Fig. 1) . These data indicate that numerical analysis of combined ARDRA patterns is an excellent tool for differentiating species within the family Alcaligenaceae and further support the genotypic evidence which indicates that B. pertussis, B. parapertussis, and B. bronchiseptica form a single species. The failure to differentiate the latter three species by this approach is not unexpected given the high levels of 16s rDNA sequence similarity (more than 99.7%) between the type strains of these species (24) .
Randomly and repetitive element-primed PCR typing. Typing methods based on the amplification of DNA fragments in which random sequences are used as primers in the PCR have been referred to as DNA amplification fingerprinting, arbitrarily primed PCR, or randomly amplified polymorphic DNA analysis (2, 23, 25 indromic and enterobacterial repetitive intergenic consensus motifs) have also been used as primers in PCR assays (12) . Although primarily used for strain differentiation, these PCRbased typing methods have proved to be useful for identification of species belonging to several genera, including the genera Campylobacter, Capnocytophaga, and Enterococcus (4, 6).
In the present study, several primers were useful for differentiating a selection of strains representing various species in the family Alcaligenaceae. Two of these primers were selected to examine all of the isolates, and this analysis revealed the presence of different types among the B. aviurn strains (Fig. 3) . A comparable heterogeneity was found among the B. bronchiseptica strains, but was absent in B. pertussis and B. parapertussis strains. For each of the latter two species, only a single pattern was generated with the primer pair ERIClR-ERIC2 and primer D8635. When B. pertussis strains were examined with additional primers, only the type strain occasionally differed from the other strains. This aberrant nature of the B. pertussis type strain was also demonstrated by whole-cell protein electrophoresis (18) . These data indicate that random and repetitive element-based PCR typing can be useful for epidemiological investigations of B. bronchiseptica and B. avium strains. However, these methods failed to identify a reasonable number of infraspecific types within B. pertussis and B. parapertussis and therefore seem inadequate for epidemiological studies of these species. DNA band patterns generated by these techniques were clearly useful for differentiating B. aviurn strains from strains belonging to the B. bronchiseptica group (including B. pertussis and B. parapertussis) or other Bordetella or Alcaligenes species. The observed diversity in the reference strains of the remaining species studied did not allow us to draw conclusions concerning the general suitability of the method for species differentiation within the entire family Alcaligenaceae (data not shown).
In conclusion, our data substantiate the conclusion that there is little genotypic evidence which justifies the present species status of B. pertussis, B. parapertussis, and B. bronchiseptica. Strains of these three species, which together were referred to as the B. bronchiseptica group, behave as a single species comparable to strains of B. aviurn. The methods which we used did not allow us to identify strains of the B. bronchiseptica group at the species level, but clearly separated strains of the B. bronchiseptica group from B. avium strains, and the ARDRA results could be used to differentiate all or most other members of the family Alcaligenaceae (Fig. 1) . In contrast to macrorestriction enzyme analysis (lo), none of the techniques used in this study readily allowed us to differentiate sporadic isolates of B. pertussis and B. parapertussis. Our data therefore suggest that there is considerably less genotypic variability in B. pertussis and B. parapertussis than in B. bronchiseptica and B. avium. The results of examinations of large numbers of strains by multilocus enzyme electrophoresis suggest that the B. bronchiseptica group can be subdivided on the basis of host specificity, with B. pertussis, B. parapertussis, and the porcine B. bronchiseptica isolates as major lineages (5) (B. bronchiseptica strains from other sources represent additional lineages [5, 14, 151) . The DNA fingerprints generated by ERIClR-ERIC2-and D8635-primed PCR support this hypothesis.
